A polarization beam splitter ͑PBS͒ based on a giant-reflection to zero-order ͑GIRO͒ grating is presented. The GIRO grating is a simple binary diffraction grating with parameters chosen such that the excited optical modes in the grating interfere constructively and destructively at the respective interfaces. This interference results in high-zero-order reflection ͑Ͼ99%͒ with a high polarization-selective extinction ratio ͑Ϯ30 dB͒. The grating shows a low aspect ratio. The GIRO PBS is theoretically and experimentally shown to be an adequate PBS for use as an optical isolator in combination with a quarter-wave plate in a CO 2 -laser system.
Introduction
Polarization beam splitters ͑PBSs͒ are key elements in numerous optical information processing, routing, and imaging systems. The PBS splits an incident beam into two orthogonally polarized light beams. For many years the underlying principle of most PBSs has been based on natural birefringent effects 1 ͑e.g., Thomson prisms, Nicol prisms, and Wollaston prisms͒, the refraction effect at multilayer dielectric coatings, 1,2 the absorption effect of a dichroic polarizer, 1 the diffraction effect of grating structures, 3 or a combination of several of these effects. 4, 5 Most applications in optical information processing, routing, and imaging systems require that the PBS provide a good extinction ratio, a wide angular bandwidth ͑a specific behavior valid for a broad angular range͒, a broad wavelength range for operation with broadband sources, and a small size for effective packaging. These requirements, or a subset, can be met with an appropriate choice of the PBS with an optimized design ͑see, e.g., Refs. 5-7͒.
Other applications have other requirements. In particular, the use of PBSs in high-power laser systems ͑e.g., high-power CO 2 lasers͒ does not make strong demands on angular bandwidth and wavelength range but requires an extreme extinction ratio and ultrahigh efficiencies. In the manufacturing industry, for applications such as cutting, every loss of photons emitted by multikilowatt lasers affects the efficiency, quality, cutting speed, and cutting characteristics ͑such as feasible plate thickness͒ and as such is directly translated into additional costs. Moreover, in this manufacturing industry, optical elements are used in a damaging environment that includes dust and flying splinters. A straightforward fabrication scheme that facilitates the fabrication of the components at low cost is indispensable. The combination of ultrahigh diffraction efficiencies ͑Ͼ99% and Ͻ2% for p and s polarization, respectively͒ and low-cost implementation demands the use of nonexotic materials with a design that does not challenge technology. In this paper we address a solution to this subset of requirements. We describe the design, fabrication, and characterization of a PBS based on a diffraction grating, namely, a giantreflectivity to zero-order ͑GIRO͒ grating. 8 The GIRO grating combines a high extinction ratio with high efficiency; technological challenges are low owing to a moderate aspect ratio ͑ratio between grating depth and ridge͒ and the possibility of using nonexotic materials such as broadly available semiconductor materials ͑GaAs, InP, etc.͒. The moderate aspect ratio, in combination with relaxed fabrication tolerances, makes it possible to attain the theoretically required grating parameters and thus the predicted efficiencies ͑see Section 2 below͒. 9 In combination with a quarter-wave plate, a PBS grating placed in the light path of a high-power laser acts as an optical isolator, 10 as is schematically demonstrated in Fig. 1 . Linearly polarized light is emitted by the laser. The PBS transmits this polarization with high efficiency. Phase retardation generated by the quarter-wave plate transforms the linear polarization into circularly polarized light. Reflection of the light by the workpiece inverts the sense of circular polarization: It is changed from right to left or vice versa ͑according to the convention that the rotation sense is defined with respect to the propagation direction͒. The quarter-wave plate transforms the circular polarization into linear polarization that is orthogonally oriented to the polarization of the originally incoming beam. This polarization is deflected by the PBS grating. The laser is isolated. It must be stressed that the demands that are addressed ͑high extinction ratio, ultrahigh efficiencies, and low-cost implementation͒ are not limited and exclusive to high-power applications. The PBS model proposed in this paper can be applied as such for other applications, e.g., in imaging or routing systems. It is scalable to any desired wavelength and can be extrapolated to a broad range of highrefractive-index material systems, such as ZnSe, GaAs, and InP.
Various kinds of PBS with surface-relief gratings in nonbirefringent substrates have been described theoretically and experimentally in the literature. Polarization selectivity can be obtained by a simple zero-order subwavelength grating. If period ⌳ of the grating is much smaller than wavelength , one can use the effective-medium theory to evaluate the grating diffraction behavior. However, the polarization selectivity ͑in absolute terms͒ that can be obtained is minimal. 11 Noponen et al. designed a transmissive four-port polarization-sensitive device with a first-order grating that lets light through undiffracted if the light is TM polarized and diffracts the light if TE polarized. 12 A high extinction ratio in combination with high efficiency is theoretically predicted, with a challenging aspect ratio of ϳ4. The design is limited to low-refractive-index materials ͑n Ӎ 1.5͒. Extrapolation to higher refractive indices requires diffraction angles near 90°f or optimizing the polarization properties of the component. The reflection losses tend to increase, and the grating period must be reduced to prevent the emergence of propagating orders inside the material. 13 Lalanne et al. achieved this transmissive PBS with n ϭ 2.3. 6 They achieved high extinction ratio, but the theoretically predicted efficiency remains below 95%. The aspect ratio is ϳ4.43. 6 The concept of an optical isolator made from such dielectric diffraction gratings was suggested by Glaser et al. 10 The isolator consists of a polarizing first-order grating and a birefringent zero-order grating. The PBS first-order grating is designed for a low-refractive-index material and has an aspect ratio of ϳ8. Reasonably shallow gratings can be obtained by reflecting PBSs. 3, 14 Metallic reflecting PBSs show absorption losses at low operation wavelengths. 15, 16 Haidner et al. 7 and Kipfer et al. 17 measured a surface-relief grating with V grooves in silicon with a metal coating at wavelength ϭ 10.6 m. The measured diffraction efficiencies were 6% for TE and 92% for TM at normal incidence. Absorption and scattering losses of metallic gratings make those gratings less favorable.
Gori proposed the use of a polarization grating constructed from a series of rotating polarizers. 18 In such gratings the change induced in the polarization is smooth along the transverse direction. Using a periodically ͑period ⌳͒ spatially variable wave plate, one can use a polarization grating to split the light into two orthogonal polarization states with an angular separation of ϭ arcsin͑͞⌳͒. With the fabrication of this polarization grating based on subwavelength structures, for which the period and the orientation of the subwavelength grooves is space varying, theoretical efficiencies of as much as 100% could be achieved. 19, 20 However, these quasiperiodic lamellar subwavelength gratings require a high aspect ratio. 21 Hasman et al. experimentally verified the concept of a PBS based on space-variant computer-generated subwavelength structures for CO 2 -laser radiation at a wavelength of 10.6 m. The combination of two Lee-type binary subwavelength structures with an aspect ratio of ϳ2 results in an efficiency of ϳ89%. 22 The GIRO grating used in the PBS discussed in this paper combines a high extinction ratio, high efficiencies, and relaxed technological challenges. The GIRO grating is discussed in more detail in Section 2 below. In Section 3 we describe the use of the GIRO grating as a PBS. Fabrication and experimental results are presented in Section 4.
Giant Reflectivity to Zero-Order Grating

A. Modes of the Grating As a Periodic Waveguide
The GIRO grating is in fact a simple binary surfacerelief grating but with appropriately chosen grating parameters ͑Fig. 2͒. When a monochromatic linearly polarized plane wave is normally incident upon a grating from the high-index side ͑i.e., from within the dielectric material͒, the plane wave can couple to the following diffraction orders: the zero order in reflection ͑wave a͒, the zero order in transmission ͑wave b͒, higher orders in reflection ͑waves c͒, and higher orders in transmission ͑waves d͒. The grating period is chosen such that
i.e., a higher-order grating in the dielectric material with refractive index n 1 and a zero-order grating in air. This choice ensures that only the zero order is present in transmission. For the binary grating, expressions can be found for the even and odd optical modes that can be excited in the grating layer 23 :
where e represents the even modes and o the odd modes, ⌳ is the grating period, f is the fill factor of the grating ͑this is the ratio of the ridge width to the period of the grating͒, k 1 and k 2 are the wave vectors in the grating region with respective permittivities ⑀ 2͑1͒ and ⑀ 2͑2͒ , and ␤ is the propagation constant in the z direction that is the solution of the dispersion relation of a periodic waveguide 23 :
where k x,inc is the x component of the wave vector of the incident plane wave, which is zero at normal incidence. For simplification of illustration we consider normal incidence and f ϭ 0.5. The dispersion relation is then completely defined by grating period ⌳͞ and the two material parameters ⑀ 2͑1͒ and ⑀ 2͑2͒ . In Fig. 3 the effective index n eff ϭ ␤͞k is shown for TE and TM polarization for an air-GaAs grating ͓n GaAs ϭ 3.27 when ϭ 10.6 m ͑Ref. 24͔͒. We consider only the ⌳͞ Ͻ 1 region to obtain a zero-order grating in the air region. In this region ͑more specifically, at ⌳͞ Ͻ 0.9͒, and for the material system considered, there are one odd and two even optical modes. As we consider normal incidence, the grating structure is excited with even excitation, and consequently only the even modes will be excited. Figure 4 illustrates the mode profiles of the zero-order and the second-order modes for TE polarization and TM polarization ͑⌳͞ ϭ 0.64͒. Interference effects of these modes will lead to high zero-order TE or TM reflectivities.
B. Design Rules
Based on the mode profiles shown in Fig. 4 and making some rather crude approximations, we can define some simple analytic design rules with which to achieve high zero-order reflectivity. A first approximation concerns the mode profiles in the periodic waveguide ͑grating͒. First, the modal profiles of zero-order mode 0 and second-order mode 2 are approximated as shown in Fig. 5 , which presents the modulus of the electromagnetic field components ͉E y ͉ and ͉H y ͉. Zero-order mode 0 is present only in the dielectric material, and second-order mode 2 is present only in the air gaps between the dielectric ridges. Second, we approximate the reflections at the interfaces as a local phenomenon, i.e., at each point a local reflection coefficient r and a transmission coefficient t are used. These coefficients are given by the Fresnel coefficients for reflection and transmission at planar interfaces for plane-wave incidence. Using these approximations, we approxi- Fig. 2 . GIRO grating geometry and parameters.
mate the reflected field at interface 1 and the transmitted field at interface 2 by ͑k ϭ 2͒͞:
which yield for the zero-order power reflection and transmission coefficients, respectively, when they are averaged over one period,
With
2kn eff,0 h ϭ 2mЈ.
In our approximation the zero-order grating mode is concentrated mainly in the material with refractive index n 2͑1͒ and is strongly guided. With f ϭ 0.5 this leads to a propagation constant ␤:
The second-order grating mode is concentrated mainly in the grooves of the grating. Working in the domain for which the slope of n eff,2 is the smallest ͑TM polarization; see below͒, we can approximate n eff,2 by n 2͑2͒ ϭ 1. This, with m ϭ 0 and mЈ ϭ 2 in Eqs. 9͑a͒ and 9͑b͒, respectively, and with Eq. ͑10͒, brings us to the following design rules for a grating with f ϭ 0.5:
The most important assumption that we made to arrive at these design rules concerns the mode profiles. We assumed that the modes are spatially separated in the grating region, with zero-order mode 0 present only in the dielectric material and secondorder mode 2 in the air gaps. This limits the application of the design rules to high-refractive-index contrast gratings. Moreover, from Fig. 4 we note that the zero-order TM mode is better confined than the zero-order TE mode in the dielectric material. The TM zero-order mode is thus better estimated by use of Eq. ͑10͒. The second-order mode clearly is strongly present in the air regions of the grating ͑the average field of the second-order mode in the dielectric material is approximately zero͒ if the effective index of the second-order mode is n eff,2 Ϸ 1. Regarding the slope of the effective index ͑Fig. 3͒, excitation of the TM second-order mode with specific n eff,2 in this region will be less critical than the TE mode. Fine tuning of the grating parameters about the design rules ͓relations ͑11͔͒ results in a combination of high reflectivity for TM polarization and low reflectivity for TE. Fig. 3 . ͑a͒ Effective index n eff TE of the optical modes in the grating structure for TE polarization, ͑b͒ effective index n eff TM of the optical modes in the grating structure for TM polarization.
C. Rigorous Modeling
In view of the rather crude approximations that we used to arrive at the design rules of relations ͑11͒ for high-zero-order TM reflectivity and to show the necessity for fine tuning to arrive at a high extinction ratio, a design based on the design rules is compared with a design based on rigorous calculations. To this end, the rigorous coupled-wave analysis ͑RCWA͒ for gratings that was proposed by Moharam et al. 25, 26 and reformulated by Li 27 and Lalanne 28 to improve TM convergence has been implemented. Figure 6 shows the numerical calculations of the zero-order TE and TM reflectivity for normal incidence. TM reflectivity remains high for a ⌳͞ range that corresponds to the low-slope region of n eff,2 , whereas TE reflectivity varies within that range. Table 1 compares the start values obtained by the design rules with the optimized values calculated with the RCWA. We can conclude that the optimum parameter set for the GIRO gratings is quite well predicted by the design rules. The TM reflectivity of the fine-tuned design is as high as 99.3% in combination with an extinction ratio of 32.2 dB. The aspect ratio of the grating is only 0.98.
D. Sensitivity to Parameter Changes
Variations of period ⌳ and thickness h of the GIRO grating affect the diffraction efficiency and the extinction ratio as shown in Fig. 6 . It is clear that the allowable range of variation about the optimal value for both ⌳ and h resides in the technologically attainable accuracy, especially for ϭ 10.6 m.
The influence of the angle of incidence on the behavior of the GIRO grating is presented in Fig. 7 . Incidence angle is defined in the plane spanned by the Bragg vector and the surface normal; incidence angle ␣, in the plane normal to the latter plane. Both angles are defined in the surrounding air medium. With a variation of ϳ10 deg for ␣ and a couple of degrees for , the design is adequate to be used in realistic alignment systems for high-power laser optics. Figure 8 shows the diffraction efficiency of the GIRO grating on a function of a varying fill factor f and of wavelength . It is clear that, during the fabrication of the grating, good control of fill factor f is needed, as that factor is the most critical parameter of the GIRO grating. The low aspect ratio of the GIRO grating eases the technological challenges required for obtaining fill factor f in the accepted range.
Polarization Beam Splitter
The GIRO grating shows high zero-order TM reflectivity only when light is incident from the high- Fig. 4 . Illustration of the mode profiles of the zero-order and the second-order modes for ͑a͒ TE polarization ͉͑E y ͉͒ and ͑b͒ TM polarization ͉͑H y ͉͒. n 2͑1͒ ϭ 3.27, f ϭ 0.5, ⌳͞ ϭ 0.64. refractive-index material. This implies that the GIRO grating cannot as such be used as a PBS but that a configuration is needed as sketched in Figs. 9͑a͒ and 2͑b͒. An antireflection coating prevents reflections at the high-contrast index interface ͓air ͑n ϭ 1͒͞GaAs ͑n ϭ 3.27͔͒. This prevents the creation of a Fabry-Perot resonator and thus guarantees high TM reflectivity, independently of the thickness of the wafer. TE-polarized light incident upon the GIRO grating is partially transmitted ͑T 0 TE Ϸ 0.7͒ in the first diffraction order and partially reflected ͑R Ϯ1 TE Ϸ 0.1͒ in the second diffraction order. The higher diffraction orders are totally internally reflected at the high-contrast index interface, irrespective of the presence of an antireflection coating. This would disturb the PBS if the wafer thickness were not chosen so thick as to prevent backreflection on the grating. Moreover, inclined facets are polished on the wafer sides toward which the light is diffracted ͓in-clination angle, ␤ ϭ a sin͑͞n͞⌳͔͒. TE-polarized light, reflected by the GIRO grating into the first diffraction orders, is guided in the substrate toward these inclined facets. Normal incidence on these facets, provided by an antireflection coating, permits maximal escape of the TE light from the substrate.
The GIRO grating is a reflective element that, in normal conditions, works under normal incidence. As can be seen from Fig. 7 , high efficiency in combination with a high extinction ratio can still be achieved when the angle of incidence is chosen to be ϭ 0°or ␣ ϭ 5°. The configuration of the PBS is then as sketched in Fig. 9͑c͒ . Similar Z configurations ͑e.g., reflective beam expanders͒ are commercially available already. They have the advantage of not altering the light-path direction.
Fabrication and Experimental Results
A GIRO grating was fabricated in undoped GaAs to serve as a PBS for a CO 2 laser. Photolithographic Fig. 6 . Simulations of zero-order ͑a͒ TE reflectivity and ͑b͒ TM reflectivity over a large h͞ and ⌳͞ range ͑normal incidence, f ϭ 0.5, n ϭ 3.27͒. illumination ͑ ϭ 310 nm͒ of a chromium mask was used to define the grating in photoresist ͑AZ5214͒ spun onto the GaAs wafer. After development of the resist in a potassium hydroxide dilute solution and a postbake, the resist pattern was transferred into a semiconductor by use of an inductive coupled plasma reactive-ion etching system. The system uses a SiCl 4 -Ar gas mixture at a pressure of 16 m Torr, a rf power of 150 W and an inductive coupled plasma power of 50 W. This process is optimized to produce steep sidewalls ͑binary gratings with a crenellated shape͒ and etches at a rate of 300 nm͞min. The photoresist on top of the GaAs grating is removed by acetone. A scanning-electron microscope picture of a grating etched by this process into an undoped GaAs wafer of thickness 500 m is presented in Fig.  10͑a͒ . Excellent control of the steepness of sidewalls, fill factor f, and etch depth ͑Ϯ25 nm͒ is achieved. This process was optimized and used for definition of the grating in a wafer with a thickness of Ϯ3 mm. However, Fig. 10͑b͒ shows a decreased smoothness of the sidewalls. The reason for this inaccuracy when thick wafers are used is not clear. Temperature, gas flow, and material quality are some possible factors. Figure 10͑c͒ shows a picture of the PBS.
The PBS was illuminated with a CO 2 laser at 10.6 m with a beam waist of 5 mm. The incident intensity was ϳ40 W͞cm 2 , which did not heat the grating in a noticeable way. The reflected, transmitted, and incident power was measured with a large area detector for both TE and TM linearly polarized light. Table 2 compares experimental results with theoretical ones. An optimal GIRO grating ͑Table 1͒ results theoretically in a zero-order TM reflectivity of 99.2% and a zero-order TE reflectivity of 0.13% for incidence angles ϭ 0°and ␣ ϭ 5°. Experimentally, we measured a zero-order TM reflectivity of 94.1% and a zero-order TE reflectivity of 1.3%. Deviation of the achieved grating from the ideal binary grating ͓as shown in Fig. 10͑b͔͒ resulted in a somewhat lower efficiency and extinction ratio than those of the optimal theoretical GIRO grating. The experimental results correspond better to theoretical results when the fabricated structure, as shown in Fig. 10͑b͒, i .e., a grating with a nonoptimal binary crenellated shape is simulated ͑Table 2͒. We can conclude that when the technical process for etching gratings in thick GaAs wafers is as good as the process for etching gratings in standard 500-m wafers ͑which is a matter of etch parameter optimization͒, high efficiency ͑ϳ99%͒ in combination with a high extinction ratio ͑ϳ30 dB͒ can be expected. 
Conclusions
A highly efficient PBS with a high extinction ratio has been described. The PBS, which can be used in combination with a quarter-wave plate as an optical isolator, is based on the use of a GIRO grating. The GIRO grating is a simple diffractive binary grating that shows extremely high diffraction efficiencies in combination with a high extinction ratio. Its parameters were chosen on the basis of design rules that guarantee destructive interference of the optical modes in the grating at one interface and constructive interference at the other interface. The optical modes need good confinement in the grating structure, which occurs only for TM polarization in highrefractive-index gratings. Fine tuning of the grating resulted in a theoretical TM zero-order reflectivity of 99.2% and a TE zero-order reflectivity of 0.13%. The design will be used for high power CO 2 lasers ͑wavelength, 10.6 m͒; the material is GaAs ͑n ϭ 3.27͒ and the incidence angle is 5°. With period ⌳͞ ϭ 0.634 and depth h͞ ϭ 0.323 the aspect ratio was only 0.98, simplifying the technology remarkably. The PBS was fabricated by a standard photolithographic process that is used in commercial fabrication. Although the process is standard and well controlled when standard GaAs wafers ͑with a thickness of 500 m͒ are used, the GIRO grating was not perfectly binary when thick GaAs wafers ͑with a thickness of 3 mm͒ were used. The process parameters need to be adapted. Notwithstanding these solvable technological shortcomings, experimental polarization splitting has been observed with high efficiency ͑R 0 TM ϭ 94.1%͒ and a high extinction ratio ͑18.6 dB͒ has been observed.
High efficiency, a high extinction ratio, a straightforward processing scheme, and a design with reasonable tolerances make the GIRO PBS an excellent candidate to be used in high-power laser applications. Nevertheless, the GIRO PBS can be used straightforwardly in other applications such as imaging and routing. 
